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The germ plasm is a specialized region of oocyte cytoplasm that contains determinants of germ cell fate. In Xenopus
oocytes, the germ plasm is a part of the METRO region of mitochondrial cloud. It contains the germinal granules and a
variety of coding and noncoding RNAs that include Xcat2, Xlsirts, Xdazl, DEADSouth, Xpat, Xwnt11, fatVg, B7/Fingers,
C10/XFACS, and mitochondrial large and small rRNA. We analyzed the distribution of these 11 different RNAs within the
various compartments of germ plasm during Xenopus oogenesis and development by using whole-mount electron
microscopy in situ hybridization. Serial EM sections were used to reconstruct a three-dimensional image of germinal
granule distribution within the METRO region of the cloud and the distribution of RNAs on the granules in oocytes and
embryos. We found that, in the oocytes, the majority of RNAs were associated either with the precursor of germinal granules
or with the germ plasm matrix. Only Xcat2, Xpat, and DEADSouth RNAs were associated with the mature germinal
granules in oocytes, while only Xcat2 and Xpat were associated with germinal granules in embryos. However, Xcat2 was
the only RNA that was consistently sequestered inside the germinal granules, while the others were located on the
periphery. Xdazl, which functions in germ cell migration/formation, was detected on the matrix between granules. Later in
development, Xcat2 mRNA was released from the germinal granules. This coincides with the timing of its translational
derepression. These results demonstrate that there is a dynamic three-dimensional architecture to the germinal granules
that changes during oogenesis and development. They also indicate that association of specific RNAs with the germinal
granules is not a prerequisite for their serving a germ cell function; however, it may be related to their state of translational
repression. © 2001 Elsevier Science
Key Words: germinal granules; germ plasm; mitochondrial cloud localized RNA; Xenopus.INTRODUCTION
It is commonly accepted that germ plasm contains deter-
minants of the germ cell fate. The germ plasm forms during
oogenesis and ultimately, after fertilization, segregates
asymmetrically to the primordial germ cells (Hausen and
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All rights reserved.Riebesell, 1991; Eddy, 1975; Dixon, 1994; Nieuwkoop and
Sutasurya, 1979; Lehmann and Ephrussi, 1994). The experi-
mental removal of the germ plasm or its component(s) from
the oocyte causes abnormal germ cell migration, a decrease
in germ cell number, or a complete sterility (Smith, 1966;
Nieuwkoop and Sutasurya, 1979; Buehr and Blackler, 1970;
Tanabe and Kotani, 1974; for review see: Dixon, 1994;
Saffman and Lasko, 1999; Houston and King, 2000b; Kloc et
al., 2001a). In Xenopus oocytes, the germ plasm is a part of
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80 Kloc et al.FIG. 1. Diagram of the formation and elaboration of the germinal granules during Xenopus oogenesis and early embryogenesis. Nest stage
oogonium contains the mitochondrial aggregate that is a precursor of premitochondrial cloud. Mitochondrial aggregate is located in the
vicinity of the nucleus (blue) and is composed of mitochondria (green) and electron dense mitochondrial cement (pink) that is probably the
precursor of the granulo-fibrillar material (GFM). Prestage 1 oocyte contains premitochondrial cloud composed of numerous mitochondria,
the remnants of mitochondrial cement, GFM (red branching structures), and germinal granules (red spheres) that form from the coalescing
GFM, and elecrtron dense matrix. Stage 1 oocyte contains mitochondrial cloud that has two distinct regions. The part closer to the vegetal
pole of the oocyte contains accumulation of germinal granules. This region of the mitochondrial cloud is called METRO and contains
various localized RNAs. The part closer to the nucleus is devoid of germinal granules. Between stages 2 and 5 of oocyte growth, the
mitochondrial cloud breaks apart, and its fragments migrate into the vegetal cortex of the oocyte. In stage 6 oocyte, the germinal granules
are located at the apical region of vegetal cortex. During first cleavages, the germinal granules and mitochondria form the islands of the
germ plasm at the vegetal tips of vegetal blastomeres and the individual germinal granules coalesce and change the ultrastructure. In all
drawings, the animal pole is at the top, and vegetal pole at the bottom. Oocyte and embryonic nuclei are depicted as the blue spheres. The
size of the all structures shown is not to scale.
© 2001 Elsevier Science. All rights reserved.
81RNA Distribution in XenopusFIG. 2. Electron microscopy analysis of various RNA distributions within the germ plasm of nest stage and stage 1 oocytes and within the germ plasm
island in the embryo. Nest stage oogonia, stage 1 oocytes, and eight-cell embryos were hybridized in situ with anti-digoxigenin-labeled antisense RNA
probes. Hybridization was detected with anti-digoxigenin antibody conjugated with nanogold and a silver enhancement (see Material and Methods). In
all pictures, white arrows point to the silver-enhanced gold particles, long black arrows indicate mitochondrial cement, arrow heads point to the GFM,
and thick black arrows to the germinal granules. The nest panels (A–C) show the fragments of mitochondrial aggregate with mitochondria and
mitochondrial cement. Xcat2 mRNA is present in the matrix of the aggregate but is absent from the cement (A). Xpat mRNA is present at the matrix
at very low level (B). Xlsirts RNA is located in the central part of the aggregate (C). Oocyte panels (D–F) show the fragments of mitochondrial cloud
containing mitochondria, GFM, and germinal granules. Xcat2 mRNA is present inside the germinal granules and in the GFM (D). Xpat mRNA is
present in the GFM and at the periphery of germinal granules (E). DEADSouth mRNA is localized on GFM and at a very low level at periphery of
germinal granules (F). Embryo panels (G–I) show the fragments of germ plasm islands containing mitochondria and aggregated germinal granules at the
tip of vegetal blastomeres in four- to eight-cell embryos. Xcat2 mRNA is present inside of the germinal granule (G). Xpat mRNA is present in several
spots at the periphery of the granule and on the matrix (H). Xdazl mRNA is present at low level on the germ plasm matrix (I). Bar in nest panels is equal
to 375 nm, in oocyte panels is equal to 675 nm, and in embryo panels is equal to 750 nm.
© 2001 Elsevier Science. All rights reserved.
82 Kloc et al.the METRO region of the mitochondrial cloud (Balbiani
body) (Kloc and Etkin, 1995a,b; Kloc et al., 2001a). The
mitochondrial cloud is a vehicle for the localization of germ
plasm and its associated RNAs to the vegetal cortex of
oocyte.
During Xenopus oogenesis, there are two main pathways
of RNA localization. The METRO or Early pathway local-
izes RNAs such as Xlsirts, Xcat2, Xwnt11, Xdazl, Xpat,
Dead South, B7/Fingers, and C10/XFACS via mitochondrial
cloud during early stage of oogenesis (Forristall et al., 1994;
Kloc et al., 1993; Kloc and Etkin, 1995a,b). In addition,
different RNAs were segregated within the METRO region
of mitochondrial cloud. Xcat2 was always localized as a
ring, Xwnt11 occupied the center, and Xlsirts was localized
all over the entire surface of the METRO region of the cloud
(Kloc and Etkin, 1995a). The Late pathway localizes RNAs
such as Vg1 during late oogenesis without the participation
of the mitochondrial cloud (Weeks and Melton, 1987; Kloc
and Etkin, 1995a,b; Kloc et al., 2001a). Recently, it was
shown that RNAs such as fatVg follow a pathway using
both mitochondrial cloud and elements of the late pathway
for the localization to the vegetal cortex (Chan et al., 1999,
2001; Kloc et al., 2001a).
In various invertebrates and vertebrates, the germ plasm
is composed of germinal granules (called P granules in
Caenorhabditis elegans and polar granules in Drosophila)
and mitochondria (Eddy, 1975; Ikenishi, 1998; Saffman and
Lasko, 1999; Houston and King, 2000b, Kloc et al., 2001a).
In Xenopus, the germ plasm and germinal granules are
maternal in origin, forming during oogenesis (Al-Mukhtar
and Webb, 1971; Billet and Adam, 1976; Coggins, 1973;
Heasman et al., 1984). In the late prestage 1 oocyte, the
germ plasm contains an ill-defined substance called the
granulo-fibrillar material (GFM). The GFM, in turn, prob-
ably derives from the mitochondrial cement that is present
in mitochondrial aggregate of nest stage secondary oogonia
and the premitochondrial cloud of early prestage 1 oocytes
(Heasman et al., 1984; Kloc et al., 2000). The analysis of the
molecular composition of germ plasm and germinal gran-
ules in Drosophila and in C. elegans showed that they
contain various species of RNAs (reviewed by Ikenishi,
1998; Bashirullah et al., 1998). In Xenopus, nest stage
oogonia and early prestage 1 oocytes Xcat2 mRNA and
Xlsirts RNA are localized in the mitochondrial aggregate
between the mitochondria and the cement (Kloc et al.,
1998, 2000). Late prestage 1 and stage 1 oocytes have Xcat2
mRNA located in the GFM and in the germinal granules
while Xwnt11 mRNA and noncoding Xlsirts RNA are
found between the germinal granules, in the germ plasm
matrix (Kloc et al., 1998). There is evidence that the polar
granules in Drosophila and the germinal granules of Xeno-
pus contain large and small mitochondrial rRNA (Iida and
Kobayashi, 1998; Kobayashi et al., 1993, 1998; Kashikawa
et al., 2001). Recent data indicate that, while in close
proximity, the mitochondrial rRNAs in Xenopus are not
directly associated with the germinal granules (Kloc et al.,
2001b).
© 2001 Elsevier Science. AThe RNAs localized in the germ plasm may play a
structural role or may be involved in the germ plasm
assembly or in the differentiation of germ cells. At present,
the information on the possible function(s) of germ plasm
localized RNAs in Xenopus are limited to Xlsirts and Xdazl.
The experimental depletion of RNA from the oocyte using
antisense oligonucleotides showed that the noncoding Xl-
sirts RNA played a structural role in the anchoring of Vg1
RNA in the vegetal cortex of the oocyte (Kloc and Etkin,
1994). Xdazl RNA was necessary for the proper migration of
germ cells in developing Xenopus embryo (Houston and
King, 2000a). It seems highly plausible that the specific
function of various RNAs can be related to their differential
distribution between the specific compartments of the
germ plasm. To address this issue, we have studied, at the
ultrastructural level, the distribution of RNAs in various
compartments of the germ plasm during oogenesis and
embryogenesis. From these data, we have produced a three-
dimensional (3D) reconstruction of different RNAs within
the germinal granules and how the granules are distributed
within the METRO region of the mitochondrial cloud. The
results show that, of the 11 METRO localized RNAs
analyzed, only 3, Xcat2, Xpat, and DEADSouth, show any
localization to the granules, while Xdazl and FatVg are in
the matrix between the granules. Since Xdazl functions in
germ cell formation and/or migration, the results suggest
that association of specific RNAs with the germinal gran-
ules is not a prerequisite for their serving a germ cell
function.
MATERIALS AND METHODS
Animals
Wild-type Xenopus laevis tadpoles ovaries, oocytes, and embryos
were used in these studies as described in Kloc and Etkin (1999).
Plasmids and Probes
Xcat2, Xlsirts, Xwnt11 plasmids and antisense RNA probes were
described in Kloc et al. (1995a). Fatvg was described in Chan et al.
(2001), Xdazl in Houston and King (2000a), DEADSouth in
MacArthur et al. (2000), Xpat in Houdson and Woodland (1998),
and large and small mitochondrial rRNA in Kloc et al. (2001b).
B7/Fingers (King, 1995) was 2.6 kb full-length cDNA and C10/
XFACS was 1.4 kb cDNA (King, 1995), both cloned into pSport
(Gibco–BRL). Both templates were linearized with SalI and anti-
sense RNA was transcribed with SP6.
All probes were antisense digoxigenin-labeled RNAs and all
were hydrolyzed for 30 min as in Kloc and Etkin (1999).
Whole-Mount in Situ Hybridization for Electron
Microscopy
All hybridization and posthybridization steps, embedding, and
sectioning were done as described in Kloc et al. (2001b). Some of
the embedded material was serially or semiserially sectioned for
the 3D ultrastructural analysis.
ll rights reserved.
83RNA Distribution in XenopusFIG. 3. Elaboration of germinal granules in cleaving embryo. Electron microscopy in situ hybridization with Xpat antisense RNA probe.
The ultrathin cross sections through the germ plasm islands of cleaving embryos show that, between fertilization and the eight-cell stage,
individual germinal granules (A, B) appear to aggregate into progressively more elaborate intermediary complexes (C–G). The cross section
through the ultimate germinal granule shows its extremely complex shape and ultrastructure (H). Xpat RNA (arrows) represented by
silver-enhanced gold particles is concentrated on the periphery of the aggregating granules and of the ultimate granule. (I) Section through
the germ plasm of neurula stage embryo. Germinal granules are small, spherical, and resemble the germinal granules before aggregation
(shown in A and B). The germinal granules are outlined in white. M, mitochondria. Bar is equal to 600 nm.
© 2001 Elsevier Science. All rights reserved.
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84 Kloc et al.Three-Dimensional Reconstruction and Analysis
The 3D ultrastructural analysis was performed by using the
following computer programs and imaging programs. Scanned
electron photomicrographs representing germinal granules were
processed on a SGI Onyx2 by using the NAG Iris Explorer scientific
visualization software. A typical data set comprising a cube of
300 3 350 3 8 was interpolated to 64 3 64 3 64. The resulting cube
was further processed by using the ImageVision modules within
the Explorer in addition to a number of customized software
modules developed by the author (M.T.D.) Additional software was
written to enhance the RNA on the photomicrographs. The labeled
RNA was converted from the clusters of high-intensity two-
dimensional pixels to the spheres. The software three-
dimensionally searched the original nonresampled images. When
high-intensity pixels (indicating RNA) were identified, they were
flagged. The flagged list was then ranked according to relative
distances, and an arbitrary distance was established from which
FIG. 4. Xcat2 mRNA distribution in primordial germ cells in ne
with Xcat2 antisense RNA probe. (A) Two primordial germ cells i
Primordial germ cell in the metaphase of mitotic division. Black
mitochondria (m) are concentrated at the poles of the spindle (st
mitochondria. Germinal granule is unlabeled and the label is dispe
of unlabeled germinal granules (arrows) in the germ plasm of primor
m, mitochondria. Bar in (A) is equal to 10 microns, in (B) to 2 micflagged pixels less than the distance were eliminated. This resulted
© 2001 Elsevier Science. Ain a single sphere representing a region, by eliminating duplicate
spheres of closely related RNA pixels. Serial electron microscopy
sections of the mitochondrial cloud were processed by using
VoxBlast 2.1 software from VayTek, Inc. (Fairfield, IA).
RESULTS
Distribution of Various RNAs within the Germ
Plasm Compartments
Nest stage to Early stage 1 oocyte. In many inverte-
brates and vertebrates, each oogonium undergoes 4 incom-
plete mitotic divisions that result in a nest or cyst of 16
secondary oogonia interconnected by intercellular bridges.
In organisms such as Drosophila, out of 16 cells of the nest,
15 cells become the nurse cells and only 1 cell becomes the
stage of development. Electron microscopy in situ hybridization
endodermal mass of the embryo. Arrows point to the nuclei. (B)
w points to the chromosomes in metaphase plate. Germ plasm
White arrow points to the germinal granule located between the
over the spindle and the cytoplasm. (C, D) Two different examples
germ cells. Label is present on the germ plasm matrix (arrowheads).
, in (C) and (D) to 500 nm.urula
n the
arro
ars).
rsed
dialoocyte. In Xenopus, all 16 cells of the nest develop into
ll rights reserved.
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85RNA Distribution in Xenopusindividual oocytes. The nest stage occurs in the ovaries of
the tadpole (stages 64–68). Each cell (secondary oogonium)
of the nest contains a primordium of a mitochondrial cloud
that is called the mitochondrial aggregate. After the second-
ary oogonia of the nest separate into individual early
prestage 1 oocytes, the mitochondrial aggregate acquires
additional mitochondria and becomes a premitochondrial
cloud. The mitochondrial aggregate and premitochondrial
cloud are composed of centrally located centriole sur-
rounded by mitochondria and electron dense mitochondrial
cement that is probably a precursor of GFM (Fig. 1; Heas-
man et al., 1984; Kloc et al., 2001a). We performed in situ
hybridization with 11 different RNA probes to tadpole
ovaries that contained nests and prestage 1 oocytes. We
examined the distribution of the RNA using electron mi-
croscopy (Table 1, Fig. 2). With the exception of mitochon-
drial rRNAs that originate and reside within the mitochon-
dria, and fatVg mRNA that localizes through both the
METRO and late pathways, all other RNAs in this group
use the METRO pathway for their localization. The B7 and
C10 genes were cloned previously but they were never
described in detail (King, 1995). B7 was renamed Fingers. It
is a germ plasm RNA that encodes a protein containing 21
Kruppel-like zinc finger motifs which follow a 61-amino
acid unique region. The unique domain shows partial
homology to the KRAB domain from Kox1 protein that has
a promiscuous transcription repressor activity (Numoto et
al., 1999). Fingers RNA cannot be detected in the fertilized
egg. C10 was renamed XFACS. It is a long chain fatty acyl
CoA synthetase or ligase, 75% identical with mouse FACS.
In mammalian cells, it plays a role in long chain fatty acid
uptake into the cell. FACS are also found in the inner and
outer plasma membrane of Escherichia coli and are required
for the uptake of long chain fatty acids, and in mitochondria
where they are involved in b oxidation.
TABLE 1
Summary of RNA Distribution in Various Compartments of Germ
RNA
Nests—Early prestage 1
oocyte Lat
Cytoplasm Precloud GFM
Xcat2 2 1 1
Xpat 2 1/2 1
Xdazl 1 2 1
Xlsirts 2 1 2
Xwnt11 1/2 2 2
DSouth 1/2 2 1
fatVg 1 2 2
Fingers 1/2 2 2
XFACS 1/2 2 1/2
mtlrRNA 1 and M 1 and M 2
mtsrRNA 1 and M 1 and M 2
Note. Abbreviations: P, on the periphery; M, in the mitochondriWe distinguished four different patterns of RNA expres-
© 2001 Elsevier Science. Asion and distribution within the nest cells and early pre-
stage 1 oocytes (Table 1, Fig. 2). The first includes Xcat2 and
Xlsirts, which were present at high abundance, and Xpat,
which was present at low abundance. Xcat2 and Xpat were
localized on the fibrillar matrix between the mitochondria
and the cement in the premitochondrial cloud (Table 1, Fig.
2); Xlsirts was concentrated in the center of the mitochon-
drial aggregate in the region occupied by the centriole (Fig.
2). The second pattern includes Xdazl and fatVg, which
were expressed at high levels in the cytoplasm but were not
localized to the premitochondrial cloud (Table 1). The third
pattern included Xwnt11, DEADSouth, Fingers, and XFACS
that were either absent or expressed at a very low level just
above the background (Table 1). The fourth pattern in-
cluded mtlrRNA and mtsrRNA that were present in the
mitochondria and also in the cytoplasm (Table 1; Kloc et
al., 2001b). None of those 11 RNAs were present on the
mitochondrial cement that is believed to be a precursor of
GFM and ultimately the germinal granules (Kloc et al.,
2000, 2001a).
Late prestage 1 oocyte to stage 1 oocyte. At these stages
of oogenesis, oocytes contain a large mitochondrial cloud
that is located close to the oocyte nucleus. The mitochon-
drial cloud contains mitochondria, GFM, and/or fully de-
veloped germinal granules. At this stage, the germ plasm is
located at the vegetal tip of mitochondrial cloud in the
METRO region and consists of a concentration of GFM
and/or germinal granules (Fig. 1; Heasman et al., 1984; Kloc
et al., 1998, 2000). Analysis of the expression and the
distribution of RNAs within the germ plasm of late prestage
1 and stage 1 oocytes showed that there were several
patterns of RNA distribution within the germ plasm. Xcat2
was the only RNA that was present in the GFM and inside
the germinal granules. It was not detected on the germ
plasm fibrillar matrix (Table 1, Fig. 2). All other RNAs were
sm
stage 1—Stage 1 oocyte Embryo 2-8 cells
Granules Matrix Granules Matrix
1 2 1 2
P1 1/2 P1 1
2 1 2 1
2 1 2 1
2 1 2 1
P1/2 1/2 2 1
2 1 2 1
2 1/2 2 1/2
2 1 2 1/2
2 1 and M 2 1 and M
2 1 and M 2 1 and M
/2) low level.Pla
e prealways present on the matrix; however, Xpat2 was also
ll rights reserved.
86 Kloc et al.present on the GFM and at the periphery of germinal
granules. Xdazl was present on GFM but absent from the
germinal granules. DEADSouth was present on GFM and at
low levels at the periphery of germinal granules. XFACS
was present, at low level, in close vicinity of or on the GFM,
and absent from germinal granules. Xlsirts, Xwnt11, and
Fingers were present only on the germ plasm matrix, while
mtlrRNA and mtsrRNA were present in the mitochondria
and in the matrix (Table 1, Fig. 2). In summary, out of 11
RNAs, 5 different RNAs (Xcat2, Xpat, Xdazl, DEADSouth,
and XFACS) were found to be associated, at different levels
and degrees, with the GFM, which we believe are the
precursors of germinal granules. However, only Xcat2 RNA
was sequestered inside the germinal granules. Xpat was
associated with the periphery of mature germinal granules
and DEADSouth was found at very low level at the periph-
ery of germinal granules. The remaining RNAs were
present on the germ plasm matrix (Table 1).
Changes in the Germinal Granules during
Development
After fertilization, the germ plasm together with local-
ized RNAs aggregate at the apex of the vegetal pole within
the cortex. Through the early cleavages, it remains in the
form of yolk-free islands at the tips of vegetal blastomeres.
Although it has been shown previously that, during cleav-
age, the germinal granules formed during oogenesis change
their morphology (Ikenishi and Kotani, 1975; Wylie and
Heasman, 1976), there has been no comprehensive analysis
of germinal granule ultrastructure in cleaving embryos.
Using serial ultrathin sections of embryos through the germ
plasm, we analyzed this process in detail. We found that
there is a progressive elaboration of the germinal granule
ultrastructure in the embryo between fertilization and the
eight-cell stage. After fertilization, the germ plasm contains
a large number of small (about 250 nm in diameter) spheri-
cal germinal granules. During early cleavage, small germi-
nal granules coalesce into progressively more complex
aggregates (Fig. 3). Ultimately, germ plasm of the eight-cell-
stage embryo contains a few irregularly shaped large germi-
nal granules (about 2000 nm in diameter) that on cross
section show complex and variable morphology (Figs. 2 and
3). We observed a great deal of variability of the intermedi-
ary forms between the small granules and the ultimate
aggregate within the same embryo as well as between
different embryos (Figs. 2 and 3). Between cleavage and the
neurula stage, large germinal granules disappear and pri-
mordial germ cells from the neurula contain only few small
(approximately 300 nm in diameter) germinal granules.
The analysis of the distribution of RNAs within the germ
plasm of cleaving embryos showed that, out of 11 different
RNAs, only 2 RNAs remained associated with the germinal
granules (Table 1). Xcat2 RNA was sequestered inside the
germinal granules and Xpat RNA was present, at lower
level, at the granule periphery (Figs. 2 and 3). These RNAs
were associated both with the small as well as large,
© 2001 Elsevier Science. Aaggregated granules. All other RNAs studied were present,
although at the different levels, on the germ plasm matrix,
between the granules and mitochondria (Table 1, Fig. 2).
The mtlrRNA and mtsrRNA were also very abundant in
mitochondria (Table 1; Kloc et al., 2001b). The analysis of
Xcat2 distribution in the primordial germ cells in the
neurula (stage 20) showed that Xcat2 mRNA is no longer
present in the germinal granules but it is limited to the
granulo-fibrillar germ plasm matrix (Fig. 4).
Statistical Analysis
We analyzed in situ hybridization data statistically by
using Student’s t test (Fig. 5). We counted the number of
grains present in three different compartments of the germ
plasm: matrix, GFM, and germinal granules. Grains were
counted in several independent sections in 10–14 squares of
1.4 mm2 each. We then evaluated the differences in the
average number of grains between the granules, GFM, and
matrix in oocytes, and between granules and matrix in
embryos. The data show striking differences in the abun-
dance levels between various RNAs in the germ plasm of
the oocytes, with Xpat and Xcat2 mRNAs being the most
abundant (Fig. 5A). They also clearly indicate that, in
oocytes, five different RNAs: Xlsirts, Xwnt11, fatVg, Fin-
gers, and XFACS, were highly enriched in germ plasm
matrix. Xcat2, Xpat, Xdazl, DEADSouth, and XFACS were
present in GFM but only Xcat2, Xpat, and at low level
DEADSouth were associated with the germinal granules
(Fig. 5A). In addition, Xpat and DEADSouth were clearly
more abundant in GFM than in mature germinal granules
(Fig. 5A). Xcat2 and Xpat were the only RNAs that re-
mained associated with the germinal granules in the em-
bryo (Fig. 5B). We found that all differences in the number of
grains between individual compartments of germ plasm
were highly statistically significant (P values from 0.02 to
0.0001) with four exceptions. In agreement with the results
of electron microscopy analysis, the P values of the number
of grains counted in GFM and granules for Xlsirts, Xwnt11,
fatVg, and B7 RNAs in oocyte samples were statistically
insignificant (Fig. 5A).
Three-Dimensional Reconstructions
To gain a greater insight into the relationship between
the germ plasm and the entire mitochondrial cloud, we first
created a 3D reconstruction of the germinal granules (Fig. 6)
and the entire cloud from a stage 1 oocyte Fig. 7A. At this
stage of oogenesis, the mitochondrial cloud is a sphere,
approximately 40 mm in diameter, which is located to one
side of the oocyte nucleus. The mitochondrial cloud is
composed of mitochondria and electron dense germinal
granules that are located on fibrillar matrix between the
mitochondria. We reconstructed the 3D image of the cloud
from 21 serial ultramicrographs (Fig. 7A) and counted the
number of germinal granules present in the individual
mitochondrial cloud. The cloud contained approximately
ll rights reserved.
Numbers below the graph represent the P values. All the P , 0.05 are statistically significant. NS, statistically not significant.
87RNA Distribution in XenopusFIG. 6. Diagramatic summary of RNA distribution in the GFM and in the germinal granules in oocytes and embryos. Xcat2 (red dots), Xpat
(blue dots), Xdazl (stars), DEADSouth (squares), and C10 (triangles) mRNAs are all present on branching GFM in prestage 1 and stage 1
oocytes. Mature germinal granules that form from the aggregating GFM contain Xcat2, Xpat, and low level of DEADSouth mRNAs. The
germinal granules in the embryo that form from the coalescing oocyte granules contain Xcat2 and Xpat RNAs. Xcat2 is the only RNA that
is consistently sequestered inside of the GFM and inside of the germinal granules in oocytes and embryos.
FIG. 7. Three-dimensional ultrastructural reconstruction of mitochondrial cloud and germinal garnules in stage 1 oocyte. (A) Mitochon-
drial cloud was reconstructed from 21 serial EM sections. The cloud is a sphere composed of thousands of mitochondria (green speckles)
and germinal granules (red spheres). Germinal granules are concentrated in the form of a ring in the METRO region that is the part of the
cloud facing vegetal pole and are excluded from the center of the cloud. Oocyte nucleus, not visible in the picture, is above, and the vegetal
pole of the oocyte is below the plane of the picture. (B, D) The half sections of three germinal granules from a mitochondrial cloud similar
to one shown in (A). The images were reconstructed from four serial sections of oocytes hybridized in situ with Xpat (B, D) and Xcat2 (C,
D) antisense RNA probes. The Xpat RNA (green dots) is predominantly on the granule periphery with a small portion localized internally
while the majority of Xcat2 (black dots) is sequestered internally in the granule. For better clarity of the image, the original silver-enhanced
gold label was replaced (using proper logarithm and computational programs; see Materials and Methods) with uniform sized dots. Bar isFIG. 5. (A, B) Student’s t test statistical analysis of the label distribution in electron microscopy in situ hybridization samples. Graphs
depict the distribution of the grains in three different compartments of the germ plasm (GFM, germinal granules, matrix) for nine different
RNA probes in oocytes (A) and the distribution of the grains in granules and matrix for two different RNAs in embryos (B). Each bar
represents the average (with the standard deviation) number of grains counted in several independent samples in 10–14 squares of 1.4 mm2.equal to 4.5 mm in (A), and 250 nm in (B–D).
© 2001 Elsevier Science. All rights reserved.
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90 Kloc et al.700 germinal granules whose distribution was clearly non-
random. The germinal granules were concentrated as a ring
at the vegetal tip of the cloud that we previously described
as the METRO, and were excluded from its center (Fig. 7A).
The germinal granules were more or less spherical in shape
and had diameters ranging between 50 nm and 2000 nm, the
latter being the predominant size.
To help understand the relationship between the Xcat2
and Xpat mRNAs within the germinal granules, we also
reconstructed a 3D image of individual granules from the
mitochondrial cloud of a stage 1 oocyte. Images were
reconstructed from four serial ultramicrographs of Xcat2
and Xpat in situ hybridization samples. The germinal
granules were more (Figs. 7B and 7C) or less (Fig. 7D)
compact; the latter showing irregularly shaped channels.
The analysis of the distribution of RNA showed that the
majority of Xcat2 mRNA was sequestered inside the gran-
ule and Xpat mRNA was concentrated at the granule
periphery or close to the periphery of the channels (Figs. 7B
and 7D). The number of grains representing Xcat2 and Xpat
RNA was approximately 100 and 50 per largest granule,
respectively. Although these numbers cannot be directly
related to the number of RNA molecules present in the
granule, they indicate that there was approximately two-
fold difference in the concentration of the respective RNAs
within the granule.
The 3D reconstruction and analysis were also performed
on the germinal granules residing in the germ plasm islands
of eight-cell-stage embryos (Figs. 8 and 9). As we described
above, the eight-cell-stage embryo contains mainly large
granules that were formed from the aggregation of small
granules. We calculated that there were approximately 20
large granules in each germ plasm island. Since there are 4
germ plasm islands (one in each vegetal blastomere) in a
single embryo, there were approximately 80 large granules
in each 8-cell stage embryo. Figures 8 and 9 show that the
aggregating granule was composed of many irregularly
shaped fragments and that the ultimate granule was round-
ish in shape with an uneven surface and extremely complex
FIG. 8. Three-dimentional ultrastructural reconstruction of agg
Germinal granule in intermediary stage of aggregation was reconstr
One of the serial sections labeled with silver enhanced gold partic
the cut surface of reconstructed granule is shown in (B and C). Arro
surface of the granule viewed from different angle. (D) A different cu
is represented as green dots. Bar is equal to 300 nm.
FIG. 9. Three-dimensional ultrastructural reconstruction of ge
granules were reconstructed from 10 serial EM sections hybridized
serial sections labeled with silver-enhanced gold particles of Xcat2 m
of reconstructed granule is shown in (B), arrow indicates the orienta
of half section of the granule show the distribution of Xcat2 (black
to the granule periphery and the majority of Xcat2 RNA is seque
images of whole granule show the distribution of Xcat2 and Xpat R
was replaced (using proper logarithm and computational program) w
in (B–F).
© 2001 Elsevier Science. Aand convoluted interior. All Xcat2 RNA was sequestered
inside the granule and the majority of Xpat RNA was on the
surface or close to the surface of the granule. There was a
striking difference in the relative amount of Xcat2 and Xpat
RNA present in the germinal granules in the embryo. We
calculated that there was, on average, 900 grains of Xcat2
RNA versus 60 grains of Xpat RNA per single granule in the
embryo. This indicates that there is an approximate 15-fold
difference in the concentration of these two RNAs associ-
ated with the granule in the embryo. The germinal granule
in an eight-cell stage embryo forms from the aggregation of
several small granules (see above). The comparison of the
number of Xcat2 grains in the granules from oocyte and
embryos (100 grains vs. 900 grains) suggests, knowing that
Xcat2 RNA level remains constant until gastrulation
(McArthur, 1999), that approximately nine oocyte granules
aggregated into single granule in the embryo. On the other
hand, the number of Xpat grains in oocyte granules and
aggregated embryo granule was very similar (50 vs. 60
grains per granule). This suggests that a portion of Xpat
RNA was released from the granule or became degraded
between oogenesis and early cleavage.
DISCUSSION
The molecular composition and the assembly of the germ
plasm has been most extensively studied in Drosophila and
in C. elegans (for review, see Rongo et al., 1997; Seydoux
and Strome, 1999; Seydoux and Schedl, 2001; Mahowald,
2001). There is much less information available on the
process of germinal granule assembly and their molecular
composition in Xenopus oocytes and embryos. In Xenopus,
the absence of genetic mutants does not allow for the direct
analysis of the germ plasm function and assembly. There-
fore, analyses must rely on antisense oligonucleotide deple-
tion studies and electron microscopy analysis of germ
plasm ultrastructure. However, the information acquired
from randomly taken electron microscopy sections is lim-
ing germinal granule in germ plasm of eight-cell-stage embryo.
d from 10 serial EM sections hybridized with Xpat antisense RNA.
Xpat RNA (black speckles) is shown in (A). The same section on
(A–C) indicates the orientation of the section. (B, C) The same cut
face of the same granule viewed from the opposite side. Xpat RNA
al granule in germ plasm of eight-cell-stage embryo. Germinal
Xpat and Xcat2 antisense RNA probes. The example of one of the
A (black speckles) is shown in (A). The same section on the surface
of the section. Nontransparent (C) and semitransparent (D) images
and Xpat (green dots) RNA. The Xpat RNA distribution is limited
d inside the granule. Nontransparent (E) and semitransparent (F)
. For better clarity, original silver-enhanced gold label shown in (A)
uniform sized dots (C–F). Bar is equal to 270 nm in (A) and 200 nmregat
ucte
les of
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91RNA Distribution in Xenopusited in its perspective. Here, using serial electron micros-
copy sections and computer-aided 3D reconstruction, we
have moved to the higher level of structural resolution. We
were able to reconstruct the spatial distribution of germ
plasm components and to measure and compare the levels
and distribution of different RNAs between and within
various compartments of the germ plasm.
We analyzed the ultrastructural distribution of different
METRO pathway localized RNAs during Xenopus oogen-
esis and embryogenesis. We showed that, although none of
these RNAs were localized on mitochondrial cement, five
of these: Xcat2, Xpat, Xdazl, DEADSouth, and at low level
XFACS, were associated with GFM. However, only Xcat2,
Xpat, and at low level DEADSouth were associated with
fully formed germinal granules in oocytes. Although we do
not have any information on the protein products of these
RNAs, the association of Xdazl and XFACS RNA with GFM
only suggests their possible involvement in the assembly of
mature germinal granules. We showed previously, using
light microscopy in situ hybridization analysis, that in
Xenopus oocytes, the RNAs localized by the METRO
pathway are concentrated in the METRO region, at the
vegetal tip of mitochondrial cloud (Kloc and Etkin,
1995a,b). In addition, we showed that different RNAs were
segregated within the METRO. Xcat2 RNA was localized as
a ring, Xwnt11 was in the center, and Xlsirts RNA was
distributed all over the METRO (Kloc and Etkin, 1995a). We
suggested that the germ plasm probably is located within
the METRO region of the cloud. Using ultrastructural 3D
reconstruction analysis, we confirmed this hypothesis and
showed that an individual mitochondrial cloud contains
several hundred germinal granules within the METRO
region. Three-dimensional analysis also showed that the
distribution of germinal granules within the METRO is
nonrandom. The germinal granules are concentrated in the
form of a ring at the vegetal tip of METRO and are excluded
from its center. The fact that Xcat2 is the only RNA that is
sequestered inside the germinal granules and excluded from
germ plasm matrix explains the ring-shaped distribution of
Xcat2 RNA previously described in light microscopy in situ
hybridization samples (Kloc and Etkin, 1995a).
We previously showed, using Xcat2 as a molecular
marker, that GFM is a precursor of the germinal granules
and that GGLE element in its 39UTR is responsible for the
direction of Xcat2 RNA to the germinal granules in oocytes
(Kloc et al., 2000). However, to date, the information
available on the formation of germinal granules in the
embryo as well as on the problem of ultrastructural and
functional continuity between germinal granules in oocytes
and embryos, and different forms of germinal granules in
different staged embryos, is very unsystematic and inciden-
tal. Here, using 3D analysis, serial sections, and Xcat2 RNA
as a molecular marker, we were also able to follow the
elaboration of the germinal granules in cleaving embryo.
We have shown that, between fertilization and third cleav-
age, the germinal granules undergo a series of profound
ultrastructural changes. After fertilization, the germ plasm
© 2001 Elsevier Science. Acontains hundreds of small (250–500 nm in diameter)
germinal granules that undergo progressive aggregation.
The final product of aggregation is the large granule (2000
nm in diameter) that on the cross section shows typical
convoluted and ramified structure. We observed a tremen-
dous variability of intermediary forms (partial aggregates) of
germinal granules within the same embryo and between
embryos. This suggests that the aggregation is not a rigor-
ously controlled process but rather a random event culmi-
nating in the formation of ultimate large germinal granule.
We calculated that there are approximately 80 large gran-
ules in the germ plasm of 8-cell embryo. In addition, since
it was shown that the level of Xcat2 RNA remains constant
until gastrulation (MacArthur et al., 1999), we were able,
using Xcat2 RNA label as a marker, to calculate that a
single large granule forms from the aggregation of approxi-
mately nine small germinal granules. In summary, it seems
that between the stage 1 oocyte and the cleaving embryo
germinal granules undergo constant transformation in size,
number, and ultrastructure, and several hundreds granules
present in the mitochondrial cloud in stage 1 oocyte give
rise to several tens of germinal granules in cleaving embryo.
Between the cleavage and neurula stages of development,
the latter granules probably fragment again into smaller
(approximately 300 nm) granules. The significance of this
process is unclear but it seems plausible that the aggrega-
tion and fragmentation cycle is necessary for the proper
transport of germinal granules during oogenesis and subse-
quently, for their proper redistribution to the daughter cells
during cleavage and formation of primordial germ cells.
The analysis of RNA distribution in the germ plasm of
the cleaving embryo showed that only Xcat2 and Xpat were
associated with the germinal granules in 8-cell embryo and
that Xcat2 was the only RNA consistently sequestered
inside of the germinal granules in oocytes and in embryos.
MacArthur et al. (1999) found that Xcat2 RNA was not
translated during oogenesis and early cleavage and Xcat2
protein was first detected in primordial germ cells in
blastula. We showed very clearly that Xcat2 RNA is seques-
tered within the germinal granules during oogenesis and
also in early cleavage. It is very tempting to speculate that
germinal granules are the sequestration organelles that are
responsible for translational repression of Xcat2 RNA. It
will be very interesting to see whether the release of the
translational repression in blastula coincides with the re-
lease of Xcat2 RNA from the germinal granules. Our finding
that, in neurula stage of development, Xcat2 mRNA is no
longer present in the germinal granules suggests that this is
the case. If the sequestration hypothesis is true, then other
germ plasm localized RNAs that are present outside of
germinal granules or on their surface should be readily
translatable in oocytes and embryos.
It has been suggested previously that the germ plasm is a
niche that protects certain germ cell components from the
signals that direct the cell toward the somatic fate (Dixon,
1994). Our analysis suggests the possibility of two addi-
tional roles for the components of germ plasm. We can
ll rights reserved.
92 Kloc et al.envision the germinal granules as a sequestration organelle
that protect certain molecules from being used too early in
development. Another germ plasm component–germ plasm
matrix could be an anchor for the molecules that are
functional in oogenesis and/or in cleavage and/or need to be
transported to the germ cells. However, it is clear that
RNAs contained both within the granules as well as those
in the matrix between granules play important functions in
germ cell determination, differentiation, and migration.
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